We demonstrate a laser-based adaptive ultrasonic homodyne receiver using dynamic holography in AlGaAs/GaAs photorefractive multiple quantum wells. The dynamic hologram acts as an adaptive beamsplitter that compensates wavefront distortions in the presence of speckle and requires no path-length stabilization. The photorefractive quantum wells have the unique ability to achieve maximum linear homodyne detection regardless of the value of the photorefractive phase shift by tuning the excitonic spectral phase. We achieve a root mean square noise-equivalent surface displacement of 6.7ϫ10
Laser-based ultrasound 1,2 is a promising nondestructive evaluation technique for remote sensing, manufacturing diagnostics, and in-service inspection for many industrial applications. It may also offer the potential for detecting ultrasonic signals from human tissue without the need for mechanical contact with the skin in conjunction with photoacoustic ultrasonography. 3 Nonadaptive homodyne and heterodyne reference-beam interferometers have been used for ultrasound detection, but they often do not operate effectively with the speckle that results from interrogating rough surfaces. The development of time-delay interferometers ͑such as the confocal Fabry-Perot͒ 4 allows the processing of light scattered from a rough surface with a large field of view, but requires path length stabilization of the interferometer length to a fraction of an optical wavelength. More recently, a number of laser ultrasonic receivers based on coherent detection using compensated reference-beam interferometers have been developed. [5] [6] [7] [8] [9] [10] In this work we use photorefractive quantum well thin films [11] [12] [13] as high-sensitivity 14 holographic devices that operate at the extremely low light intensities compatible with the low light levels returned from typical surfaces under inspection. These devices act as adaptive beamsplitters to compensate wavefront distortions and do not require path length stabilization. Most importantly, the photorefractive quantum wells have a unique ability to achieve linear homodyne detection regardless of the value of the photorefractive phase shift. In this letter we show that this feature of the photorefractive quantum wells is a consequence of excitonic spectral phase.
The devices used in our experiments were grown by molecular beam epitaxy on semi-insulating GaAs substrates at 600°C. The active electro-optic layers consisted of a multiple quantum well layer composed of a 100 period superlattice of 70 Å GaAs wells and 60 Å Al 0.30 Ga 0.70 As barriers with a total thickness of 1.3 m. The superlattice was proton implanted after growth with two doses of 1ϫ10 12 cm Ϫ2 at energies of 80 and 160 keV to make them semi-insulating. The quantum wells were grown on a stop-etch layer of 5000 Å Al 0.50 Ga 0.50 As, which allowed the samples to be epoxied to glass and the substrate removed to perform optical transmission experiments. Titanium-gold coplanar contacts 4 mm long with a gap of 0.8 mm were evaporated to apply transverse electric fields to operate the quantum wells in the transverse Franz-Keldysh geometry. [13] [14] [15] The electro-optic spectra of the samples were characterized by measuring differential transmission ⌬T/T as a function of the electric field and is shown in Fig. 1͑a͒ . The differential transmission approaches 120% at electric fields of 25 kV/cm. The change in absorption ⌬␣ due to the applied electric fields is shown in Fig. 1͑b͒ . We observed a large electroabsorption approaching 6000 cm Ϫ1 compared with a maximum absorption of the heavy-hole exciton of approximately 15 000 cm
Ϫ1
. The changes in the absorption spectrum are accompanied by changes in the refractive index in the material through the Kramers-Kronig transformations. 16 The calculated change in the refractive index ⌬n is shown in Fig.  1͑c͒ . The fractional change in index ⌬n/n approaches 1%. These large changes in the absorption and index are critical ingredients for good signal-to-noise detection in a homodyne interferometer during two-wave mixing.
A key figure of merit in evaluating the performance of an ultrasonic receiver is the noise equivalent surface displacement ͑NESD͒, which is the minimum surface displacement detectable for a signal-to-noise ratio equal to unity for a detection bandwidth ͑BW͒ and a power level P h on the detector. For a classical homodyne interferometer in the shot noise limit, the signal-to-noise is given by
where is the detector quantum efficiency, is the optical frequency, and ␦ is the root mean square ͑rms͒ surface displacement. The NESD for a classical homodyne interferometer for a bandwidth of 1 Hz and a power at the detector of 1 W is given as
At 
where E h , E s , and E r are the combined beam at the exit, the signal beam at the entrance, and the reference beam at the entrance of the photorefractive quantum well device, respectively, d(t) is the time-dependent surface displacement, and ͑͒ is the quantum-well diffraction efficiency which is a function of wavelength and beam ratio. The photorefractive phase shift between the interference pattern and the recorded hologram is given by 0 . The excitonic spectral phase associated with the relative contributions of the index and absorption gratings to the combined beam is given by ͑͒
͑4͒
The spectral phase ͑͒ is an approximately linear function in wavelength through the excitonic transitions, 18 and is insensitive to the applied electric field as shown in Fig. 1͑d͒ . Optimal linear homodyne detection occurs at quadrature when the phase of the transmitted signal relative to the diffracted signal is equal to /2 during two-wave mixing. The unique feature of the photorefractive quantum wells is that this condition can always be satisfied for any photorefractive phase shift by tuning the wavelength of the probe laser. Quadrature is satisfied when 0 ϭϪ(), for which the signal-to-noise ratio in the signal-arm beam is
where ␦P h is the time-varying component of the total power.
The noise-equivalent surface displacement ͑NESD͒ for the photorefractive multiple quantum well thin film is thus given by
The value of ␦ min given by Eq. ͑6͒ is larger than the ideal value of Eq. ͑2͒ by
We performed degenerate two-wave mixing on the devices to experimentally measure the NESD by writing a grating using a cw Ti sapphire laser with a fringe/grating spacing of ⌳ϭ300 m. The long fringe spacing was used as a convenience to study the physical behavior of mixing in the quantum wells, although more realistic fringe spacings of 20 m or less could be used in practical systems. Homodyne measurements were performed using a piezoelectric trans- ducer or an electro-optic phase modulator to simulate surface displacement, and a dc electric field was applied across the contacts. The transmitted signal was measured using a shotnoise-limited silicon photodetector with a 125 MHz bandwidth. The writing beams had nearly equal intensities in all mixing experiments.
The signal-to-noise ratio during homodyne mixing was measured using a spectrum analyzer with a 1 Hz bandwidth for an incident power of 20 W on the device. The spectral dependence of the NESD of device No. 101196D is shown in Fig. 2 for an electric field of 18.75 kV/cm, compared with values of NESD that are predicted from Eq. ͑6͒ using the electroabsorption data of the same device from Fig. 1͑b͒ . Good agreement with the theoretical prediction is demonstrated, and a noise equivalent surface displacement of 6.7 ϫ10 Ϫ7 Å(W/Hz) 1/2 is measured, which is within a factor of 3 of ideal homodyne limit of Eq. ͑2͒. The NESD could be further improved by about a factor of two ͓see Eq. ͑5͔͒ by increasing the power in the reference laser beam while keeping the power of the signal laser beam constant. Figure 3 shows the temporal response of the homodyne signal for several different wavelengths demonstrating tuning through quadrature ͑required for linear detection͒ by tuning the wavelength of the probe laser. Homodyne detection was performed using an ͑EOSI͒ diode laser with a total incident power of 28 W. A 2 MHz underdamped piezoelectric transducer was used to vibrate the surface of a mirror which reflected the signal beam onto the photorefractive quantum well. The electric field applied to device No. 020197C was 16.8 kV/cm and the temporal signal was detected on a digital storage oscilloscope with 32 averages. The maximum homodyne signal was achieved at a wavelength of 836 nm, where the mixed waves achieve quadrature.
In conclusion we have demonstrated the operation of a novel laser-based ultrasound receiver based on two-wave mixing in photorefractive multiple quantum wells, operating close to the quantum noise limit. We have also demonstrated the ability to tune to quadrature by using the excitonic spectral phase. The tunability and sensitivity of these devices make them viable candidates for applications in industrial markets. 
